and 1C). These data reinforce two important themes [2] : that multiple mechanisms of phagocytosis exist and that the The Veterans Affairs Medical Center Iowa City, Iowa 52242 mechanism of entry affects bacterial fate in macrophages. BMMs express five PKC isoforms: conventional PKC␣ and -␤, novel (calcium-independent) PKC␦ and -⑀, and Summary atypical (calcium and diacylglycerol [DAG]-independent) PKC ( Figure S2 ). In Hp-infected BMMs, PKC and Phagocytosis is a rapid actin-dependent endocytic PKC⑀ translocated from the cytosol to the membrane process used by macrophages and neutrophils to in-( Figure 1D ) and accumulated on forming Hp phagogest and kill microorganisms [1, 2]. Perturbation of somes ( Figure 1E ), whereas other PKCs did not. As phagocytosis is central to the ability of some pathojudged by in vitro kinase assays, Hp stimulated a 3.6 Ϯ genic microbes to cause disease, and we demon-0.2-fold increase in PKC activity and a 2.3 Ϯ 0.7-fold strated previously that the ulcerogenic bacterium Heliincrease in PKC⑀ activity ( Figure 1F ), and maximal PKC cobacter pylori (Hp) actively retards its uptake by activity coincided with incorporation of
Pi into macrophages and subsequently persists inside novel MARCKS (Figure 1B). Activation of PKC by Hp is notavacuoles called megasomes
. Neither the receptor ble for three reasons. First, unlike other PKC isoforms, that mediates Hp binding nor the signaling pathways atypical PKCs are not regulated by DAG or phorbol esthat regulate bacterial engulfment have been defined.
ters [6] . Second, a role for PKC in phagocytosis has Nevertheless, the fact that other phagocytic stimuli do not been described. Rather, several studies have shown not exhibit delayed phagocytosis [4, 5] suggests that that PKC␣, ␤, and ␦ are activated in macrophages and Hp may be ingested by a unique mechanism. We now neutrophils during phagocytosis of IgG particles, show that Hp transiently activated protein kinase whereas PKC is not [5, [7] [8] [9] [10] [11] [12] , and sustained association C (PKC) in macrophages and that atypical PKC and of PKC␣ with phagosomes is required for microbe killing novel PKC⑀, but not conventional PKC␣, accumuand phagosome-lysosome fusion [4, 7, 13, 14]. Striklated on forming phagosomes. Pharmacologic agents, ingly, PKC␣ was not activated during Hp internalization, isoform-selective pseudosubstrate peptides, and antiand prolonged exposure of immunoblots revealed small sense oligonucleotides demonstrated that PKC reguamounts of membrane PKC␣ only after Hp uptake was lated local actin polymerization and bacterial encomplete ( Figure 1D, 15 min) . Third, a recent report indigulfment, whereas other PKC isoforms did not. In cates that active PKC␣ inhibits PKC in L6 skeletal muscontrast, opsonization of Hp with immunoglobulin G cle cells [15] . Whether this also occurs in phagocytes (IgG) induced rapid PKC-independent uptake and enis unclear. Nevertheless, it is tempting to speculate that hanced killing of ingested bacteria. A role for atypical PKC␣ and PKC are activated in a mutually exclusive PKCs in phagocytosis has not been described. We manner, and it will be of interest to determine whether conclude that Hp defines a new phagocytic pathway PKC is activated by other pathogens that survive in in macrophages that is regulated by PKC. To verify these findings, we treated BMMs with 2.5 M phorbol myristate acetate (PMA) overnight to down-PKC Is Essential for Phagocytosis of H. pylori To directly test the requirement for individual PKC isoregulate PKC. PMA treatment depleted BMMs of PKC␣, ␤, and ␦ and reduced PKC⑀ levels by half; yet, they forms in Hp uptake, we treated macrophages with phosphorothioate (PT)-modified antisense oligodeoxynucleohad no effect on PKC ( Figure S2 ). Despite this marked alteration in overall PKC content, phagocytosis of Hp tides (ASODN) to selectively inhibit translation of PKC␣, ⑀, or . As shown in Figures 2D and 2E , elimination of was not impaired (Figure 2A) . Our finding that chelerythrine and staurosporine abolished phagocytosis of PKC␣ had no effect on Hp ingestion, and depletion of PKC⑀ reduced bacterial uptake by only 16% Ϯ 4% (n ϭ Hp, whereas Go6976, calphostin C, and overnight treatment with PMA did not, suggests a prominent role for 4). Using PKC ASODN (5 M, 3 days), we could reduce but not eliminate PKC translation. This was not surpris-PKC (alone or in combination with PKC⑀) in regulating ing, as PKC is required for cell survival, and reduction tide specific for PKC. As shown in Figure 2F , the PKC-PS peptide inhibited Hp phagocytosis in a dose-depenof PKC by more than 80% induces apoptosis in human monocytes [16] . Nevertheless, we were able to reduce dent manner, whereas a peptide that mimics the PS region of PKC␣ and -␤ did not. The effects of the -PS PKC levels by 62% Ϯ 9% (n ϭ 4) ( Figure 2D 3% (n ϭ 3) . We conclude that PKC is essential for Hp internalization and that PKC-dependent phagocytosis is enhanced by PKC⑀. and kill microorganisms. In most cases, multiple DAG-
-PS peptide (Z-PS) (n ϭ 3). PKC inhibitors did not affect IgG-Hp binding (10-14 Hp/cell). (D and E) Macrophages were treated with 5-12 M sense or antisense oligos [22, 23] to PKC␣ (Alpha), PKC⑀ (Epsilon), or PKC (Zeta) for 3 days. (D) Western blots of control (C), sense (S)-, or antisense (AS)-treated macrophages probed with antibodies to PKC␣, ⑀, and . (E) Effect of oligos on phagocytosis of Hp 11637 (n ϭ 4). Con, untreated macrophages; AS, ES, and ZS, cells treated with sense oligos to PKC␣, ⑀, or ; AAS, EAS, and ZAS, cells treated with ASODN to PKC␣, ⑀, or . Oligos did not affect Hp binding (7-10 Hp/cell). (F) Effect of PS peptides directed against PKC␣/␤ (␣/␤-PS) and PKC (-PS) on phagocytosis of Hp 11637 (n ϭ 3). PS peptides did not alter
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